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Nanostructuring Optical Waveguides by Focused Ion Beam Milling. 

Near-Field Characterization. 
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Nanostructures have become an attractive subject due to many applications, particularly the pho- 
tonic bandgap effect observed in photonic crystals. Nevertheless, the fabrication of such structures 
remains a challenge because of accurate requirement concerning regularity, shape, hole depth etc. 
of the structure. E-beam lithography permits a good control of dimensional parameters but needs 
a 1-step fabrication process. In our work, we have to combine traditional strip-load waveguides 
{Si02/ SiON/ Si02 on Si) and nanostructures whose dimension are totally different. This imposes 
a 2-step process where waveguides and nanostructures are successively fabricated. We have at our 
disposal different ways to characterize these nanostructures. A direct aspect control during and after 
FIB treatment can be achieved by FIB and SEM imaging. Scanning near-field optical microscopy 
(SNOM) is currently the most effective way to test guiding confinement in such surface structures 
by detecting the evanescent field. 

PACS numbers: 84.40.Ik, 84.40.Fe 

Keywords: Nanostructures, Photonic Band Gap, FIB milling. Scanning Near-field Optical Microscopy, 
Waveguide characterization 
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tures and classical waveguides. 

The most common used PhCs are planar PhCs (lattice 
of holes in dielectric material or dielectric pillars in air) , 
which are easier to fabricate than 3D-PhCs which the- 
orically ensure the best control of light. 2D-PhCs have 
photonic band gap (PBG) in two directions, so light has 
to be confined in the third direction by a multilayer struc- 
ture. Therefore high-index materials {AsGa, AlGaAs, Si 
etc.) have been used because of their large index differ- 
ence with air which produces large photonic bandgap. 
Low- index materials like Si02 in = 1.47 at A = 900nm) 
which are the most common in integrated optics are gen- 
erally not studied for PBG application, except for pho- 
tonic fibers. 

In this work, we fabricate and characterize photonic 
structures combined with typical waveguides in materials 
often used in integrated optics and MOEMS components 
3, such as multilayer waveguides Si02/ SiON / Si02 on 
Si. 

The first part is a theoretical study of the structures 
based on FDTD (Finite Difference Time Domain) calcu- 
lation. These simulations demonstrate the feasibility of 
a PBG with low- index materials in specific conditions. 
Afterwards, we describe the fabrication of the samples in 
two steps : fabrication of the waveguides and of the pho- 
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I. INTRODUCTION 

Within the last two decades, the development of tech- 
nology has permitted structure fabrication at a subnii- 
crometer scale. These nanostructures allow a new con- 
trol of light, mainly after the significant progress made 
in understanding of photonic band gap (PBG) since the 
1980s years pj. Since then periodic nanostructures (with 
dimensions a hundred times smaller than the original 
waveguides) seem the best way to develop novel inte- 
grated optical devices which dimensions are a hundred 
times smaller than the original waveguides. Hunting the 
losses in such devices is a real challenge mainly for tele- 
com application. Devices like waveguides or microcavi- 
ties in photonic crystals (PhCs) have already been pre- 
sented and demonstrated _^]. Nevertheless, before all- 
PhCs components can be developed and replace presently 
used components, PhCs and classical optical devices will 
coexist for a certain time. In this perspective we were in- 
terested in fabricating and characterizing mixed devices, 
which combine both photonic structures or nanostruc- 
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fabricate PhCs using a Focused Ion Beam (FIB). Finally 
characterization by SNOM probing will be presented. 



II. THEORETICAL STUDY 

Numerical studies are carried out using three commer- 
cial software from RSoft. In a first step a study of infinite 
PhCs is performed by a PWE (Plane Wave Expansion) 
software (RSoft BandSolve) to find the PBG and to op- 
timize the parameters of the nanostructure (hole size and 
period). In a second step electromagnetic field propaga- 
tion in the nanostructures is numerically mapped by a 
FDTD calculation (RSoft FullWave). Rigorous analy- 
sis of geometrical parameters like hole depth or surface 
roughness requires 3D calculation, which demands too 
many computer ressource. Therefore, we shall limit our 
study to 2D calculation applied to a 2D equivalent struc- 
ture, to describe the general behavior of the 3D struc- 
ture. The basic structure studied is a triangular lattice 
of holes centered on the waveguide as shown in FiglT^. 
The equivalent 2D structure we chose is a vertical guid- 
ing slab with a lattice of infinite vertical holes centered 
inside. 

The free waveguide properties (modes, propagation, 
losses...) are obtained by a BPM (Beam Propagation 
Method) software (RSoft BeamProp). 
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FIG. 2: Bandgap diagrams of a triangular hole lattice (n 
1.53) 



the low index difference between the material and the 
holes (An — rieff — Uair — 0.489). 




FIG. 3: Transmission spectrum of 40 x 40 lattice of holes for 
TE and TM polarisation. 

Afterwards we only consider holes of period a = 360nm 
and diameter d — 200nm. These values were chosen 
to fit with technological limitations (the ratio d/a can 
hardly exceed 0.7 in the milling process) and to obtain 
a bandgap in the wavelength range (around 700-980nm) 
given by the tunable laser fSeellVp. 



FIG. 1: Two studied nanostructures a) without defects b) 
with a line defect. 



A. Photonic bandgaps calculation 

For the wavelength A — 900riTO, effective index of 
the multilayer waveguide is calculated by the BPM soft- 
ware to be rieff = 1.489. Our calculation gives com- 
plete photonic band gap in the case of triangular lat- 
tice for only one polarization (TM) (Figl2]), for a hole 
diameter d between 0.65a, and 0.82a (a is the period 
of the lattice). Figure [5] shows the band diagram for 
d = 0, 7a. A TM PBG can be obtained for frequencies 
0.473 < (^ = f ) < 0.496. The fact that the PBG in 

^ lire A ' 

TM mode is very narrow and that there is no complete 
band gap in the other polarisation can be explained by 



B. FDTD Simulations 

After determining the parameters of the hole lattice 
the combination of the nanostructures with the waveg- 
uide can be characterized by FDTD calculation. 

Two structures were modelled: the first one is a com- 
plete lattice, in the second one a line of holes has been 
removed at the center of the waveguide ( Fig[T]3). It 
is expected that the lattice of holes without defects will 
behave like a mirror for wavelengths included in the pho- 
tonic band gap. 



1 . Complete triangular lattice of holes 

Light is injected in the equivalent planar waveguide 
wherein the hole lattice has been pierced according to the 
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TABLE I: Comparaison of obtained band gap between FDTD 
calculation (FullWave) and PWE method (BandSolve). 

BandSolve FullWave 
TE A(a/A) = 0.0495 0.0391 
TM A(a/A) = 0.0795 0.0621 
TM complete PBG A(a/A) = 0.023 



previous parameters. In a first step, transmission spec- 
tra have been calculated by injecting a pulse excitation 
in the direction TM . Two samples of this spectrum are 
presented in FiglS] Although PBG calculation exhibits 
no complete band gap for TE polarisation and a nar- 
row one for TM polarisation, the spectrum shows a band 
gap for both polarisations. For TE polarisation a fall 
of transmission efficiency can be noticed for wavelengths 
between 848nm et 934nm. In TM polarisation a similar 
PBG exists for wavelengths between 800nm and 927nm. 
It must be noticed that a partial band gap can exist for a 
given incidence, even if the crystal has no complete band 
gap (independent of the incidence). In the present case, 
the spectra of Fig. [3] correspond to the partial band gaps 
observed on the vertical line AI of Fig. [21 It can be ver- 
ified that the width given by FDTD is slightly smaller 
(xO.8) than the previous one as shown in table I. This 
discrepancy can probably be explained by the plane wave 
expansion of the guided mode: the direction of incidence 
is not limited to the waveguide axis . 



2. Triangular lattice with a line defect 

We carried out the same calculation for a triangular 
lattice of holes where one line is missing. Light prop- 
agation is always in the direction TM. Transmission 
spectrum shows that the band gap has been perturbed 
and that some peaks appear (See FigEKa)). For a better 
coupling efficiency between optical waveguide and PBG 
waveguide of different width, a taper would be desirable 
(optical waveguide is 4/im wide and a line missing line is 
wide of one period of the lattice (360nm)). Nevertheless 
2D FDTD calculation at the wavelength corresponding to 
the higher peak (A = 800nm) exhibits a high confinement 
of light in the line defect (See FigE] (b)). A calculation 
made at PBG wavelengths shows no light propagation in 
this line defect: the result is similar to Figd] (b). 




FIG. 5: (a) Transmission spectrum of 40 x 40 lattice of holes 
with a line defect for TE polarisation, (b) Ey field cartogra- 
phy (2D FDTD calculation) for A = 800nm 




FIG. 4: Cartographies of Ey field for TE polarisation at A = 
800nm (a) (outside PBG) and A = 900nm (b) (inside PBG) 
for 40 X 40 holes triangular lattice (a = 360nm, d — 200nm). 

The fall of transmission increases with the number of 
periods in the propagation direction. We found that a 
minimum of ten periods is necessary to obtain a 0.1% 
transmission. For this example, 40 periods have been 
used. 

Then, by launching continuous excitation and waiting 
for field stabilization in the structure, a mapping of each 
field {Ey, Hx and Hz for TE polarisation. Ex, Ez and 
Hy for TM polarisation) can be obtained as shown in 
FiglD For A = 800nrn, light can pass through the lat- 
tice, but for A ~ 900nm, light seems to be completely 
reflected. 



III. NANOSTRUCTURING OPTICAL 
WAVEGUIDES 

Photonic crystal fabrication remains a challenge 
mainly due to the size and the depth of engraved holes. 
In our case, hole diameter is 2007im and the depth has to 
be more than 3^m to overlap the optical guided mode. 
Moreover, as optical waveguides have been fabricated be- 
forehand, a good precision is needed to align correctly 
waveguides and nanostructures. 

In a previous work \^ , we have demonstrated the pos- 
sibility of nanostructuring lithium niobate substrate by 
Focused Ion Beam (FIB) the dimension of which is less 
than 50nm. Other laboratories have obtained FIB pat- 
terns at submicrometer scale Q with good optical prop- 
erties [1, 0] ■ Furthermore the main advantage of FIB is 
the ability to drill holes directly from the sample surface 
and the direct control of the structures after milling. 

A. Waveguide fabrication 

Optical waveguides are an important part in the fabri- 
cation of the sample since they guide light to nanostruc- 
tures and also provide optical confinement in the third 
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dimension. 

The optical waveguides (Fig[6]) we have chosen are mul- 
tilayer waveguides {Si02/ SiON/Si02) deposited on a Si 
substrate. The three layers {Si02, thickness: ei = 3fim, 
SiON: 62 = 0.5/im and Si02 again: 63 = 0.5/im) are de- 
posited by PECVD process. This process allows a good 
control over the thickness and over the optical index of 
the different layers. After a lithographic masking the rib 
waveguides are etched by RIE process on the top 6*102 
layer. 

For the chosen parameters, BPM calculation have 
shown that waveguides are single mode over the wave- 
length scale which will be used for near-field characteri- 
zation (700 - 950nm). 




FIG. 6: Description of the optical waveguides. 




Substrate with waveguides 



FIG. 7: FIB nanostructuring of the waveguides. 



B. Nanostructuring waveguides with FIB 

The fabrication process (See Fig[71) is based on a direct 
etching of the sample substrate by FIB bombardement. 
The samples, on which multilayer waveguides have been 
previously fabricated, are chromium coated (< 150nm 
layer) by electron gun evaporation to avoid charging, and 
grounded with a conductive paste before introduction in 
the FIB vacuum chamber (< 10~*torr). Then the sam- 
ple is milled using a FIB column (Orsay-Physics - LEO 
FIB4400). Ga"*" ion are emitted with a current of 2^ A 



and accelerated by a voltage of 30kV. The probe current 
of the focused beam is 66pA or 115pA . The Gaussian- 
shaped spot size is estimated to be 50nm in the best 
conditions. The ion beam scans the sample, the deflec- 
tion field being controlled by a software to produce the 
desired pattern. 

Several triangular lattice of circular holes with pre- 
viously determined parameters (a = 360nm and d = 
200riTO) have been milled on the substrate. FiglS] shows 
two views of a 20 X 20 hole lattice fabricated by FIB. 
The cross section realized by FIB (Fig|8] (b)) provides 
important information about the hole depth (which we 
expect to be more than 1/xm deep), the surface aspect 
and the hole shape . Hole shape is not cylindrical as we 
first wanted but conical. The upper diameter at the sur- 
face is about 220nm and the bottom diameter 120nm. 
This kind of problem is a fundamental drawback of FIB 
milling due to material redeposition during the scanning 
process. More vertical sidewalls can be obtained by using 
reactive gases during the FIB process. 




FIG. 8: (a) SEM image of a 20 x 20 lattice of holes on a 
waveguide, (b) FIB image of a cross section made by FIB 
milling of the same lattice. Measured depth: e = 1.20/im 
(view angle a = 30°) 



IV. CHARACTERIZATION 

We have characterized this fabricated nanostructures 
using two different methods. A transmission spectrum 
of those nanostructures has first been studied by mea- 
suring the ratio between intensities of injected light and 
recovered light at the waveguide extremity. The second 
method is an in-situ characterization of the nanostruc- 
tures with a stand-alone near-field microscope working 
in detection mode. This technique has been employed by 
several laboratories, more specifically in the study of high 
electromagnetic confinement (See [Til, [T^ [Tsl O [T5| ) . 



A. Transmission spectrum 

A tunable Titane-Sapphire Laser is used to scan a 
wavelength range from A = 700nm to A = 980nm. Its 
beam is injected into a polarization maintaining optical 
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fiber which can be oriented to select TE or TM polariza- 
tion. Light is injected directly in the optical waveguides 
from this fiber to limit the optical losses. Injection is 
controlled by collecting the guided mode from the end 
face of the waveguide by a microscope objective and a 
CCD camera (Fig llO|) . The transmission spectrum ex- 
hibits variations of about 20% but does not show any 
clear photonic band gap. 



Even if a real PBG cannot be observed by transmission 
spectrum, we'll see that near-field characterization could 
show relevant information on these nanostructures. 



B. Near-field characterization 

1. Experimental setup 




FIG. 9: Problems of fabricated structures. Superimposition 
of BPM calculated guided mode and structures. 
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FIG. 10; Experimental setup. 

The reason seems to be the out-of-plane losses caused 
by the perforation of the waveguide which induces a cou- 
pling of theguided wave with radiation modes. Recent 
work [1, [l^ has demonstrated that out-of-plane losses 
in planar PhCs depend on two principal parameters: they 
occur when the overlap between the guided mode and 
the nanostructures is not complete and when the side- 
walls of holes are not vertical. From the cross-section of 
FigM (b) the tilt of the sidewall is about 2.5° and the 
holes are deeper than the core layer but do not overlap 
the mode completely. Fig[9] superimposes the hole pro- 
file and the BPM calculated optical mode. Reference Q 
demonstrates that a sidewall tilt bigger than 1° may have 
disastrous consequences on the LiNbO^ effect. 



A stand-alone microscope has been used to character- 
ize nanostructures on waveguides fFig fTO]) . The evanes- 
cent wave on top of the structure is collected by an 
optical probe made of an optical fiber tapered by the 
pulling/heating method under CO2 laser beam. Glu- 
ing the probe to a tuning fork ensures the usual dis- 
tance control by shear-force feedback. The laser beam 
is modulated by a chopper and the optical signal mea- 
sured by synchronous detection. Both topographic signal 
from feedback control and optical signal are recorded by 
a computer, which controls the XY scanning. 




FIG. 11: Near-field characterization of two bare waveguides, 
(a) Topographic image (40 x 40/j,m'^) (b) Corresponding op- 
tical image (c) Section of experimental optical image (d) Sec- 
tion of theorical optical image (BPM) 



2. Near-field characterization of bare waveguides 

Imaging the bare waveguides was a means to test the 
near-field microscope on a well known intensity distribu- 
tion and to control the guiding quality of the fabricated 
waveguides. FigUT] (a) and (b) show respectively topo- 
graphic and optical image of two waveguides. Light has 
been injected only into the right waveguide. Optical im- 
age shows that no light has been collected into the sec- 
ond waveguide despite the fact that the two waveguides 
were 10/zm apart. The optical image (Fig[Tl] (b)) and 
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its section (FiglTT] (c)) show a minimum of intensity at 
the edges of waveguide, which matches with the theori- 
cal optical field intensity section calculated at constant 
distance by BPM calculation (Fig. [TT] (e)). 

3. Near-field characterization of a complete lattice 

We have characterized at different wavelengths a lat- 
tice of 40 X 40 holes (diameter: d — 200nm, period: 
a — 360nm) pierced on the waveguide. Even if trans- 
mission spectra did not show any clear photonic band 
LiNbOs, light penetration into such structures have im- 
portant variations with the wavelength. Two images (to- 
pographic and optical) at two wavelengths fPig fT^ . one 
in the theorical band gap (A = 900nm, FigH^l (c)), the 
other out of the bandgap (A = 850nm, Fig[T2] (b)) show 
two completely different behaviours. Topographic image 
(Fig[T2](a) and (c)) exhibits periodic nanostructures (be- 
tween white lines). Light propagates from top to bottom. 
FigdU (b) shows a deep penetration of the light into the 
structure. For the other wavelength, Fig[T2] (c) shows a 
bright zone near the upper limit of the hole lattice but 
light decreases rapidly inside the lattice. The transmis- 
sion efficiency (ratio output/input) of the lattice is five 
times greater at A = 850nm than at A = 900nm. 

Fringes inside and in front of the lattice must be no- 
ticed: multiple reflections inside such structures and 
standing waves outside could explain this phenomenon. 




FIG. 12: Near-field characterization of hole lattice on the 
waveguide at two wavelengths ((b) A — 850nm; (c) A — 
900nm). (a) Topographic image (5 X 5/xm^). (b), (c) Cor- 
responding optical images. 



4-. Near-field characterization of a lattice with a line defect 

A second type of structure (80 x 40 hole lattice with 
a line missing in its center) has been characterized. It 
can be considered as a photonic waveguide, in which the 
injection would require a taper to ensure an efficient con- 
nection to the conventional waveguide, as its width is 10 
times smaller. 

As in the previous part, penetration and propaga- 
tion of light into the structure depends on the wave- 
length. FigfT51 shows topographic and optical images at 



A = 825nm which is outside the theoretical bandgap. 




FIG. 13: Near-field characterization of the hole lattice with a 
line defect on the waveguide at A = 825nm (a) Topographic 
image (10 x 10 fj,m^). (b) Corresponding optical image, (c) 
Optical image (40 x 40/im^) of the same structure. Measured 
angle of the diffracted beam 6 = 18.8°. 

On the topographic image the missing line is visible in 
the center of the waveguide. The optical signal exhibits 
a dark line located on the missing holes and two lines 
of bright dots on both sides. This result presents simi- 
larities with the numerical simulation FigO (b). These 
bright lines are completed by two diffracted beam which 
are guided in the SiON layer on both sides of the waveg- 
uide (FigHStc)). 



V. CONCLUSIONS 

Direct FIB milling has shown some limits (hole shape, 
etching depth) which have caused imperfection in the fab- 
ricated photonic crystals. We are improving another sim- 
ilar way of fabricating such nanostructures: FIB is used 
only to engrave a 200 — 250nTO thick metallic layer, which 
is considered as a mask for RIE or deep-RIE. A shorter 
milling time and a better aspect ratio are expected from 
this process. 

In the present conditions the 2D approximation we 
used in FDTD simulation helped us to chose the wave- 
length domain in the characterization but the imperfect 
structures had no bandgap effect to be compared with 
the theoretical one. In spite of this difficulty the charac- 
terization of imperfect photonic structures is an example 
of the diagnosis delivered by near-field probing applied 
to complex 3D structures, the properties of which are 
not predicted by a 2D model. Despite the imperfection 
of the fabricated structures, the experimental and theo- 
retical images of light propagation in a line-defect lattice 
present interesting similarities. 
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